Abstract-We report the use of digital signal processing (DSP) strategies to realize high-sensitivity on-chip fluorescence detection in microfluidic-opto-electronic printed circuit board (PCB) devices without requiring bulky high-quality optical components and filters. An isotachophoresis (ITP) assay was studied in a microfluidic PCB with an embedded standard complementary metal oxide semiconductor sensor array demonstrating a detection sensitivity of 10-nm initial concentration for fluorescein. The amplified ITP signal is processed with the DSP algorithms allowing the fluorescence signal extracted from noisy sensor output to achieve high signal-to-noise ratio. The DSP-assisted fluorescence detection system utilizes off-the-shelf, consumergrade electronics and lensless imaging to achieve high-level but also scalable integration on microfluidic PCBs.
general and fluorescence detection specifically enabling high selectivity and high sensitivity. The benefits of conventional photonic and optical detection remain largely unutilized today in microfluidic point-of-care devices [2] . One of the barriers to the smooth transitioning of lab-on-chip devices from laboratory to the market is the lack of a scalable heterogeneous integration paradigm. Many excellent ideas will remain in the laboratory if there is no heterogeneous integration plan for the multiple functional components [2] [3] [4] [5] [6] [7] [8] . This problem is especially true for devices requiring integration of optical detection with microfluidics and electronics on a portable platform. In general, an integration strategy to combine optical detection with other essential fluid handling and processing components of a lab-on-chip device is lacking. Most proposed optical detection methods for microfluidics in the literature are off-the-chip, which would yield miniaturized versions of conventional optical systems (e.g., epifluorescence) utilizing highend components such as lasers, lenses, filters, and detector. Some high-end work has been done to monolithically integrate on-chip optical components such as embossed waveguide structures, fiber optics, thin-film deposited filters and organic photodiodes [2] . Unfortunately, these monolithic methods to build onboard optics are difficult to integrate with other functional components of a lab-on-chip device, such as fluid transport, pumping, mixing, heating, separation of analytes to name a few. On the other hand, off-chip systems use highquality optical components requiring precise optical alignments resulting in devices that are bulky and expensive, as well as making manufacturing complicated and expensive. Most microfluidic diagnostics devices on the market are designed to use bench-top optical readers that accept passive microfluidic cartridges [1] . However, these do not provide a true low-cost, portable, point-of-care diagnostics solution like the one in the form factor of a home glucose meter.
We propose the use of the printed circuit board (PCB) as an integration platform for microfluidic lab-on-chip devices. We have previously demonstrated heterogeneous integration processes to fabricate microfluidics on PCBs producing "microfluidic PCBs" [9] . We have also demonstrated in previous work a microfluidic PCB device for nucleic acid extraction [10] . The microfluidic PCB was integrated with surface mount thermal components [11] to realize on-chip extraction of malaria DNA from infected whole blood sample. In this paper, we explore the use of digital signal processing (DSP) strategies for realization of integrating a lab-onchip device with on-chip fluorescence detection using low-cost components, which are readily integrated with other functional components on the PCB. We demonstrate for the first time a DSP-assisted microfluidic lab-on-chip PCB can cleanly extract the signal from an isotachophoresis (ITP) assay.
II. PCB INTEGRATION PLATFORM

A. General Architecture
The microfluidic PCB is a multilayer device that integrates electrical, fluidic, mechanical, and optical functional components in a modular fashion, as shown in Fig. 1 . The first layer is the electronic layer consisting of the PCB and the electronic traces of the system. The second layer is the functional (active) layer. It contains the functional electronic, optical, and fluidic components of the device, and also a planarizing polymer that encapsulates the components and forms a smooth planar surface on the board. The third layer is the microfluidic layer, and it contains the main microfluidic capillaries of the device. It is worthy to note that, as opposed to monolithic methods, each of the components of the microfluidic PCB, such as electrodes, heaters, light sources, detectors, and other microfluidic components, are individually fabricated and embedded between the electrical and fluidic layers by standardized fabrication processes to realize customized labon-chip devices.
B. Lensless Imaging Using Embedded Pixel Array Sensor
To realize low-profile, integrated optical detection in microfluidic PCBs, we propose a lensless imaging approach utilizing a large-area pixel array detector, such as the complementary metal-oxide-semiconductor (CMOS) sensor device, as shown in Fig. 2 . Several groups have reported the use of lensless CMOS imagers to image beads or cells in the bright field [12] [13] [14] [15] , as well as fluorescence by integrating custom filters on the imager (interference or absorption) that are tailored to reject the specific excitation wavelength and pass the emission wavelength [16] [17] [18] or chemiluminescence [19] . In this paper, we explore the use of a standard off-the-shelf CMOS imager embedded with a standard RGB color filter array in a Bayer configuration. Small, low-cost CMOS sensors would be ideal for microfluidic applications, due to being inexpensive, compact, and compatible with our microfluidic PCB architecture. The pixel array, as opposed to single-point detector, may perform a large number of simultaneous optical measurements in 2-D space and time. While the system (especially without lenses) is of much lower optical quality compared to conventional (bulky) optical systems, the large number of simultaneous measurements over a spatially diverse region, allows for one to exploit DSP techniques in the detection methods, including dynamic subtraction, signal averaging, spatial correlation, and model fitting. This can make up for lower quality optical systems on the front end.
C. Signal Processing of Lensless Image
In a lensless imaging scenario, the signal "image" of an analyte in the microchannel is projected on the pixel array. The general image is preserved, but the quality of the image is much poorer than for an image that uses focusing optics. Furthermore, the use of standard CMOS RGB filters results in poor filtering of the signal. Thus, the overall quality of the signal in this system is poor, and the noise is high.
However, it is possible to mitigate these shortcomings of the experimental system due to the fact that the signal is correlated in space and time and that the system allows a large number of spatial measurements over many points in time. The approach that we demonstrate here is a simplified variant of a Naïve Bayesian classifier [20] . In this analysis, one utilizes an a priori understanding of the signal to inform the analysis of the final result. Such systems are able to "classify" data sets by comparing them to known features of different reference classifications. In common use, such a classifier would utilize a machine learning approach to "train" the algorithm, using many known data sets, thereby building up a probability distribution of features for each classification. In our approach, we simplify this approach by: 1) limiting the classifications as either "signal" or "no-signal;" 2) using a simulation to build up the feature set for a "signal" classification; and 3) assuming the probability distribution consists of zero or unity for the reference feature set.
This results in a simple way to understand the analysis. A correct ITP signal should result in a distinct fluorescent pattern on a 2-D image, moving across the image at constant velocity. Our analysis assumes that all the pixels within a boundary shape form the correct feature and are assigned probability of 1, whereas all the pixels outside this shape are not part of the signal and are assigned a probability of 0. Furthermore, it is assumed that the shape moves across the image at a constant rate. The scale of the boundary shape and speed of movement are not identified and allowed to be varied when determining the final probability of signal. Thus, the signal in this case is effectively the probability of classification as "signal." The boundary shape that forms the signal feature is determined from simulation and prior measurements of the ITP signal using regular confocal microscopy.
From a practical perspective, the mathematical description of this imaging process is a convolution operation. The projected signal image of the flowing analyte effectively scans the detector surface at constant speed. This can be viewed as the matrix convolution of the projected signal over a defined detector area. This defined area could be a subarea of the pixel array, labeled as the "detection zone" hereafter. The result of this physical convolution is given mathematically by (1) . S is a matrix representing the projected signal, whereas C is the matrix representing the detection zone, defined as the convolution matrix. The result of the convolution is the weighted average of the signal over the detection zone, where the convolution matrix determines the weight. Utilizing the large pixel array enables the possibility to dynamically change the shape, the size, and the weight of the detection zone (the convolution matrix) and tailor it to optimize the detection parameters such as signal-to-noise ratio (SNR)
It could be shown by simulation that the SNR, and ultimately the sensitivity of the detection system, could be maximized when choosing a detection zone with a geometric shape and size matching that of the projected signal. Fig. 3 shows the simulation results for the detection of two signals with different form factors. One has a circular projection representing the particle class of analytes such as beads, droplets, and cells. The other signal has an arbitrary shape projection (e.g., crescent) representing the signal in electrophoretic assays where analytes, such as protein and DNA molecules, focus and flow in the microchannel in tight bands (electrophoretic focusing) [21] . The simulation shows how the SNR improves as the shape and size of the detection zone approaches to that of the projected signal. This optimization technique that is implemented in image processing software is similar in nature to the pixel binning technique implemented on the circuit level to improve SNR in charge-coupled devices and CMOS imagers [22] , [23] . Thus, the lensless imaging array approach would utilize the unique characteristics of the signal (shape, size, motion) in addition to the amplitude and color information in the detection method. In the following, we demonstrate the lensless imaging and DSP methods to realize an on-chip fluorescence detection of the "ITP zone" and compare the experimental results to the simulation.
III. EMBEDDED IMAGING SYSTEM FOR ITP
A microfluidic-opto-electronic PCB was designed and fabricated to integrate ITP and fluorescence detection in one device. An early version of this device was presented in [24] . Fig. 4 shows the prototype device and the active surfacemount components that were integrated in this device. The device has a form factor of a credit card with dimensions of ITP is a well-known robust technique to extract and purify analytes (e.g., nucleic acids, protein, and wide array of molecules) from a complex sample depending on the differences in the electrophoretic mobility of the molecules in the sample [21] , [25] [26] [27] . Under the influence of applied electric field, the analytes in the ITP assay are focused in a tight band, the so-called "ITP zone" at the interface of a leading and a trailing electrolytes in a straight microchannel. When target analytes are fluorescently labeled, the ITP zone can be observed as a tight and bright band moving in the microchannel as shown in Fig. 5 . Thus, in addition to its main function of separating and isolating target analytes from a complex sample matrix, ITP has also the useful effect of focusing and amplifying the fluorescence signal of labeled analytes. This signal amplification effect could be leveraged to improve the limit of the detection (LOD) of a device, as demonstrated by Kaigala et al. [28] in their miniaturized ITP system with conventional optics. The LOD is usually expressed in Molar units (M) and describes the sensitivity of an assay or a lab-onchip device, i.e., defining the minimum concentration of the target analyte in the analyzed sample that could be detected by the device.
In our device, ITP was used to focus fluorescein fluorophore in the microchannel. The fluorescent ITP zone was then detected by the embedded lensless CMOS pixel array and with the help of a digital filtering algorithm. the excitation light for the fluorescein. Also, a standard surface-mount 2-megapixel CMOS imaging array with RGB filters (HM2057-AWA manufactured by HIMAX Imaging Inc.) is utilized to detect the emitted fluorescence signal from the fluorophore. The micromachined surface-mount light reflector is embedded in the microfluidic chip and aligned with the LED to couple the excitation light with the microfluidic channel, which is in turn aligned with the CMOS sensor as shown in Fig. 6 .
A. Device Schematics and Fabrication
In this configuration, the excitation plane is orthogonal to the detection plane in order to minimize the amount of excitation light reaching the detector. On the other hand, a slit cut was made in the PCB along the microchannel to avoid additional noise from the surface of the PCB due to scattering as well as autofluorescence of the FR4 material of the PCB. Nonetheless, some excitation light would reach the detector due to scattering off the microchannel walls and create a background noise in the sensor output. The background noise associated with the excitation light was further suppressed by a Sőller collimator film laminated on top of the CMOS pixel array as shown in Fig. 6 . The device was fabricated by the standard fabrication process of the microfluidic PCB. The two parts (the reader and the microfluidic chip) were fabricated separately, each on its own PCB. Fig. 7 describes the general fabrication process. The PCBs were designed using Eagle computer-aided design software and fabricated in a PCB fabrication house. The surface-mount LED and CMOS sensor were soldered on the reader PCB. Then, the PCB was placed in a mold structure to cast the planarizing layer. Polydimethylsiloxane (PDMS) parts A and B were mixed by 10:1 ratio and cast on the reader PCB. The mold was placed in vacuum chamber for 30 min to de-gas the PDMS and then transferred to a hot plate and cured at 70°C for 2 h, forming a planarized and smooth surface on the reader. The microfluidic chip was fabricated in a similar fashion. The microreflector was mounted on the PCB. A negative mold was prepared with negative microchannel features. PDMS was cast in the mold, and the PCB was inserted/immersed in the PDMS cast such that the PDMS would encapsulate the board with the reflector and form the microfluidic channel on the board. The PDMS in mold was de-gassed for 30 min and cured at 70°C for 2 h. Placing the microfluidic part on the reader part formed the final device as shown in Fig. 4(a) .
In this design, the electric vias in the microfluidic board served as the high-voltage electrodes, whereas the holes of the vias served as the fluidic reservoirs of the device. However, it is also possible to integrate surface-mount gold electrodes [shown in Fig. 4(b) ] on the reader board to provide the electric field in the microchannel. In this prototype, PDMS was used to fabricate the polymer layers of the device due to its rapid prototyping features and the optimal optical properties. In a scaled fabrication scenario, PDMS could be replaced by other optically clear and PCB-compatible thermal laminates, such as 1002f dry photoresist and ethylene-vinyl acetate films [9] , [29] .
B. Experimental
A series of ITP experiments was carried out on the device. Fluorescein fluorophore was focused in the microchannel and detected at varying initial concentrations. The leading and trailing electrolytes for the ITP were prepared such that the electrophoretic mobility of the fluorescein molecules would be bounded by the mobilities of the leading and trailing ions, thus fluorescein is focused at the interface between the two electrolytes. The leading electrolyte consisted of 100 mM hydrochloric acid, 200 mM Tris, and deionized water, whereas the trailing electrolyte consisted of 100 mM Hepes, 200 mM Tris, and deionized water. For each experiment, the microchannel was washed with deionized water before loading the electrolytes. 16 μL of the leading electrolyte was loaded in the leading reservoir and the microchannel. Another 15 μL of the trailing electrolyte was mixed with the fluorescein and loaded in the sample reservoir of the device, such that the two reservoirs maintained the same head of fluid. An electric field was applied along the device by a constant-current high-voltage power supply circuit (see supplemental material), causing the fluorescein to concentrate into a tight band that moved along the length of the microchannel.
As the ITP zone flowed in the microchannel and over the detection zone, the blue LED light excited the fluorescein and the CMOS pixel array recorded the projected fluorescence signal of the ITP. The CMOS sensor recorded images over the entire duration of the ITP and output a real-time video at a frame rate of 30 frames/s. The image resolution was 640 × 480 pixels (307 kpixels, not 2 Mpixels). Each pixel effectively represents an average of the original pixels in the vicinity of each subsampled pixel. This was performed to enable data transfer at 30 frames/s. The loss of resolution due to subsampling had little effect on the final outcome since degradation of the image quality is dominated by fact that the system had no focusing optics. An image of two circular test patterns is shown in Fig. 8 . The loss of image quality results directly from the lack of good optics. The use of a standard filtering on a low-cost CMOS sensor further degraded the signal since the filtering quality of a CMOS sensor is poor. Fig. 9 shows the rather broad filtering that results from using the simple organic dyes used in CMOS imagers.
The experiment was performed repeatedly starting with low concentration of fluorescein and increasing the concentration every time to determine the limit of the detection of the device. Despite the shortcomings of low resolution and poor spectral filtering, a limit of detection of 10-nm initial (prefocusing) concentration was observed in the device for fluorescein.
C. Digital Filtering and Signal-to-Noise Ratio Calculations
The sensor output was dominated by the background excitation noise due to the absence of sharp cut filter tailored to reject the excitation light. The baseline fluorescence signal image was extracted by digitally subtracting the background noise from each frame of the sensor output before performing the signal analysis as described in the matrix (2), using MATLAB. The background was determined dynamically by measuring the pixels when the signal was known to be missing from the image.
I (n) and S(n) are 3-D matrices representing the RGB values of the pixels in each frame n in the raw, and digitally filtered sensor outputs, respectively. B is a 3-D matrix containing the RGB values of the background noise
(2) Fig. 10 (a) and (b) shows a single frame from the sensor output before and after digitally subtracting the background noise. The fluorescence signal image from the ITP zone appears clearly as a green band in the microchannel's projected image. Fig. 10(c) shows the red, green, and blue components of the frame after integrating along the columns of the frame. The fluorescence signal appears as a big peak on the green component, as expected for fluorescein emission (see Fig. 9 ). However, a small peak on the red component is noticed too. A small portion of the fluorescence signal is mapped on the red component also. The red component of the signal is expected for two reasons: The fluorescence spectrum of the fluorescein extends up to 600-nm wavelength, and the RGB filters of the CMOS imager have overlapping transmission spectra, as also shown in Fig. 9 . On the other hand, a drop in the blue component of the ITP signal is observed, and this would be attributed to the fact that the Fluorescein "absorbs the blue excitation wavelengths. These characteristics where observed consistently in all of the experiments performed on the device, which would suggest a distinct pattern for the ITP zone.
To calculate the SNR, a rectangular detection zone was chosen on the pixel array and represented with a convolution matrix of ones (all values are 1). Convoluting the green component of the filtered sensor output according to (1) , resulted in the mean value of the green component over the n frames (as shown in Fig. 11 ). From Fig. 11 , we can deduce the distribution of the mean value of the reminiscent background noise as well as the maximum mean value of the fluorescence signal after background subtraction. The SNR was calculated according to
Where μ sig max is chosen as the maximum mean value (the amplitude of the peak in Fig. 11 ) and σ noise is the standard deviation of the mean values of the reminiscent noise calculated from the frames prior to the pass of the ITP zone over the detector. Fig. 12 shows the SNR as a function to the detection zone width (w) for different fluorescein initial concentrations. The experimental results clearly show the pattern of the SNR varying with w. This pattern agrees with the theory and the simulation results discussed in Section II-C. Fig. 13 shows the SNR as a function to the fluorescein concentration at a given width for the detection zone (w = 76 pixels). The experimental limit of the detection with high confidence was determined at LOD = 10 nm, which had an SNR = 9, well above the usually accepted value of SNR LOD = 3. The sensitivity of this device is comparable and falls well within the range of other similar reported devices in the literature. For the sake of comparison, we would like to mention a few reported microfluidic devices with on-chip fluorescence detection: Chabynic et al. [6] reported fluorescence detection in PDMS chips with an LOD of 25 nm for fluorescein. The LED excitation light was coupled to the chip using an optical fiber. Chediak et al. [30] reported a microfluidic device integrated on silicon substrate with integrated excitation light and a layer of thin film filter. The reported LOD was 120 nm for fluorescein. Banerjee et al. [8] reported on-chip fluorescence detection using laminated, organic LED light source and organic photodiode detector on glass substrate and a crosspolarization filtering scheme. They reported an LOD value of 10 nm for fluorescein. Last, Kaigala et al. [28] reported portable fluorescence ITP detection system on glass substrate with external, miniaturized, conventional optical detection scheme using a laser excitation, focusing optics and absorption filters. They reported an LOD of 0.1 nm for Alexa Fluor 647 fluorophore (red fluorescence). The excitation light source, the filters, and detector were not integrated on the chip.
Although the reported LOD in this paper is relevant to many applications [27] , the sensitivity could be further improved with optimized assay and device designs, as well as improved a priori probability distribution. For example, utilizing focusing 2-D optics in the excitation plane, or carefully choosing fluorophore and the light source to better match the excitation/ emission spectra of each and also the transmission spectra of the pixel array filters, or by increasing the amount of focused analyte (increase sample size), all may improve the sensitivity of the device. It is also worth noting that using a standard CMOS sensor with RGB filter allows the use of any fluorophore in the device without the need to make any changes to the imaging array (no wavelength specific imaging filters).
IV. CONCLUSION In summary, this paper presents a way to solve the heterogeneous integration problem in lab-on-chip devices by introducing the microfluidic PCB concept and architecture, and com-bining with time-integrated image analysis to reduce the need for high-precision optics. By integrating four well-established technologies (PCB, ITP, microelectronics, and DSP), we realized on-chip fluorescence detection in a microfluidic-optoelectronic PCB device. While other studies have demonstrated on-chip fluorescence/optical detection with a variety of approaches and integration strategies, to the best of our knowledge, none has offered a broadly applicable heterogeneous integration strategy/architecture or a platform where you would be able to integrate optical, electronic, electromechanical, and fluidic components on the same chip. This is very important in order to realize highly functional, highly integrated lab-on-chip devices. It is also important from a manufacturing and scaling point of view. A polymeric or glass microfluidic chip is not integration-friendly, while the PCB can support heterogeneous and 3-D integration as demonstrated in this paper.
The microfluidic PCB architecture and processes provided seamless integration of components and microfluidics in such a lab-on-chip device. With the assistance of DSP techniques, a lensless fluorescence detection system was implemented in the microfluidic device, using consumer-grade optical and electronic components, demonstrating an ITP assay with high SNR and detection limit of 10 nm. This lensless fluorescence detection system was implemented by a CMOS pixel array with RGB filter and appropriate signal processing. A high signal-to-noise fluorescence detection was realized, attributed to ITP effectively amplifying the fluorescence signal in the microchannel, and to incorporating the shape and motion characteristics of the ITP zone in the DSP algorithms. It is believed that more optimized designs and more sophisticated algorithms could further improve the detection sensitivity with this approach. It is also noticed that in general electrophoretic assays are ideal extraction methods to integrate on portable platforms due to the speed (min), low-power requirements (∼100 mW), and simple mechanics of the assay (no mechanical actuation). Thus, a complete sample to answer (extraction, amplification and detection) assay could be realized in microfluidic PCBs. With the availability of a high-voltage dc-to-dc converter integrated circuit chip [24] , converting 5-1000 V, a fully integrated ITP assay or other electrophoretic separation assays in PCB could be readily implemented for point-of-care applications.
